We prepared SrCuO 2 thin film by radio-frequency magnetron sputtering on glass substrate and have investigated its postannealing effects on structure and thermal conductivity. The as-sputtered film belongs to two-dimensional spin system SrCuO 2 , namely, layer-type SrCuO 2 , which has a possibility of exhibiting high, anisotropic thermal conductivity by magnetic excitation of the spins. It was found that the as-sputtered film has (001)-orientation in which the spin layers are parallel to the surface of substrate and that post-annealing results in enhancement of crystallinity of the film such as disappearance of grain boundaries, which can cause an increase in thermal conductivity.
The layer-type SrCuO 2 , which has been well known as a parent material of cuprate high-temperature superconductors, 1) has unique structure and characteristics:
2),3) It contains alternativelystacked Sr and CuO 2 infinite layers. The CuO 2 layer exhibits a two-dimensional arrangement of antiferromagnetically-coupled spins of S = 1/2 in Cu 2+ , referred to as spin layers. Moreover, the spin structure is expected to yield high thermal conductivity parallel to the layers by the magnetic excitation. However, researches on the crystal have been limited to those concerning high-pressure synthesis and epitaxial growth on single crystal substrate. This is because the crystal belongs to a high pressure phase and accordingly is instable in ambient air.
1)3)
Recently, we have reported synthesis of the layer-type SrCuO 2 onto silica glass substrate by using a conventional sputtering method. 4) It has been found that, interestingly, the as-sputtered film has (001)-orientated columnar grains, where the CuO 2 infinite layers are parallel to the surface of substrate. Furthermore, structure change into the chain-type SrCuO 2 has been induced by laser irradiation. Here, the chain-type SrCuO 2 , which is a stable phase in ambient air, has spin chains, in which S = 1/2 spins are one-dimensionally, antiferromagnetically coupled and where magnetic excitation of the spin chains, spinons, 5) can transport heat fast along the chains.
6)8)
In addition to that unique heat transport, it is expected that both types of SrCuO 2 have electric insulation and active controllability of heat flow by external fields such as light irradiation and electronic and magnetic excitations. Taking advantage of these properties, we propose applications of the SrCuO 2 to active control of heat flow, such as heat concentration and switching. 9), 10) For fundamental study on thermal conductivity in the layer-type SrCuO 2 film, we investigate structure and thermal conductivity and its post-annealing effects.
Samples were deposited on silica glass substrate using a conventional radio-frequency magnetron sputtering system (EB1000, Canon Anelva).
4) The sputtering target was polycrystalline SrCuO 2 synthesized by solid-state reaction of SrCO 3 and CuO reagents with a purity of 3N at 950°C for 24 h in ambient air.
11)
The target has been identified to the chain-type one by X-ray diffraction (XRD) and Raman scattering.
4) The deposition was carried out for 4 h in pure Ar gas with a pressure of 0.5 Pa, when heating of the substrate was not performed. Film thicknesses were determined to be 0.51.0¯m by means of a profilometer. The as-sputtered films were annealed at temperatures of 300 600°C in ambient air for 400 s. Here we note that the chemical composition has not been investigated. In this study, we carried out the sputtering without O 2 gas, which can cause formation of defects such as oxygen vacancies. On the other hand, the Raman spectra, being described later, show several bands due to excess oxygen. This fact may suggest that the film has inhomogeneous spatial distribution of chemical composition.
For the as-sputtered and annealed samples, structure and thermal conductivity were investigated as follows: XRD patterns were obtained by using a conventional apparatus (New D8 Advance, Bruker) with the ª-2ª configuration and the Cu K ¡ radiation, when the diffraction vector was normal to the film surface. Raman spectra were inspected by use of a Raman spectroscopy system (NRS-5100, JASCO). The system includes micro-focus optics with a 100© objective lens and excitation light was 532-nm light coming from laser-diode-pumped solid-state continuous-wave laser source. The spot size of the focused light on the film surface was ³1¯m. The power was 0.5 mW, which induces no change in the spectra during the measurement. The spectra were detected with a backscattering configuration, where the incident light to the film surface was linearly polarized, while the scattered light was detected without a polarizer. For the as-sputtered film, a dark-field cross-section transmission electron microscopy (TEM; HF-2000, Hitachi) was carried out.
Thermal conductivity of the films was obtained by two ways: One is estimation from the Raman spectra, as described later. The other is the ¡ngström method. For an as-sputtered film on borosilicate substrate, its thermal conductivity at room temperature was investigated by the ¡ngström method of AC periodic scanning laser heating (Laser PIT, Advance Riko), in which inplane thermal conductivity of the film is calculated from in-plane thermal diffusivity of the substrate and the effective thermal diffusivity of the film-deposited substrate. (The details are described in Refs. 12 and 13.) For calculating the thermal conductivity of the films by this method, we need specific heat and density of the films, but the values have not been obtained. Then, we substituted the values in the bulk SrCuO 2 for those of the films.
14) The measurement was achieved at a pressure of <0.02 Pa to prevent heat dissipation to ambient air and the heating frequency was 0.5 Hz. A bismuth thin film was evaporated on the film surface for a light absorbing layer. Figure 1 shows XRD patterns of the as-sputtered and the annealed films sputtered on the silica glass substrate. For the assputtered film, we see halos and broad peaks: The halos at 2ª = 2040°are due to the substrate. In addition, there exist the two broad peaks whose angles are slightly smaller than those due to (001) and (002) planes of the layer-type SrCuO 2 , 2),3) indicated by the dotted lines. This result implies that the as-sputtered film has a (001)-oriented layer structure, i.e., CuO 2 layers are parallel to the surface of substrate, and that dilatational strain through the CuO 2 layers, i.e., through-plane strain, exists. In a TEM image (Fig. 2) for the as-sputtered film, we can see an oriented columnar structure, which seems to be consistent with the result of the XRD patterns.
For the (001) and (002) peaks in the XRD patterns, relative intensities to the halos increase with an increase in the annealing temperature and peak positions shift to a higher angle for 500 and 600°C. Moreover, for 600°C, peaks due to SrCu 2 O 3 appear, which can be produced through decomposition of the SrCuO 2 . Here we can estimate the through-plane strain, defined Figure 3 shows the through-plane strain as a function of annealing temperature. The dilatational strain through the planes exists for the as-sputtered film and the films annealed at 300 and 400°C. On the other hand, the strain nearly vanishes at 500°C and seems to shift to compressive direction at 600°C. Moreover, the average grain size through the planes obtained by the Williamson and Hall equation, 15) in which the peak broadening is attributable to both the finite grain size and inhomogeneous strain, seems to increase with an increase in the annealing temperature.
Next, we show Raman spectra in the films in Fig. 4 . It is first noted that the layer-type SrCuO 2 should have no Raman-active modes on the basis of the factor group analysis; 16) nevertheless, the films exhibit several broad and sharp peaks as shown in Fig. 4 . The situation like this has been also reported in CaCuO 2 , 17) also having the CuO 2 infinite layers. According to that report, the present result can be explained by the fact that excess oxygen doped in the CuO 2 planes causes structural disorder and consequently activation of the forbidden Raman modes: The peak at ³600 cm ¹1 can be assigned to a mode in in-plane vibration of the oxygen.
17) The peak at ³1150 cm ¹1 may be due to an overtone of the peak at ³600 cm
¹1
. The peak position appears to shift to a lower wavenumber by annealing (Fig. 3) . This may be due to effects by stress relaxation, or structural ordering, in in-plane direction.
18) Figure 3 also shows thermal conductivity of the films. The thermal conductivity was roughly estimated from Raman spectra as follows: When measuring the Raman spectra, temperature rise ¦T (K) in the focal spot, as shown in Fig. 4 in Ref. 4 , linearly increases with an increase in the incident laser power P (W) when the value is small, and subsequently seems saturated, which is due to heat dissipation by radiation to air. Here, temperature at the focal spot has been calculated from intensity ratios of the Stokes/anti-Stokes scattering, I Stokes /I ant-Stokes , at ½ µ 600 cm 
where ¾ is the Raman shift (J), k B is the Boltzmann constant (J/K), and T is the absolute temperature (K) at the focal spot. In order to estimate the thermal conductivity of the film, we assume that the film thickness, ³1¯m, is sufficiently thicker than that of the heated spot. This assumption may be reasonable because a penetration depth of the excitation light (532 nm) to the films has been found to be less than ³100 nm by the optical absorption spectra (not shown). Under this condition, when the heat loss by radiation is negligible, the rise in surface temperature at steady state can be given by,
where T 0 is room temperature (K), a is the Gaussian beam radius (m) of the focused light, 20) and K is thermal conductivity [W/ (m·K)] of the part surrounding the heated spot, i.e., the thermal conductivity of the films. The thermal conductivity estimated from these equations is 4 W/(m·K) for the as-sputtered film. On the other hand, the value obtained from the the ¡ngström method is 2.5 W/(m·K).
The difference between the values can be caused by the fact that the above assumption is partially not true. Nevertheless, the following results are noteworthy: Focusing on change by the post-annealing, the value seems to improve with an increase in the annealing temperature. This may be interpreted by enhancement of crystallinity as follows: for the as-sputtered film, transfer of heat carriers, i.e., phonons and/or magnetic excitation, is inhibited by scattering by the grain boundaries, the defects and strains. By the post-annealing, on the other hand, improvement of the stoichiometry, strain relaxation and an increase in the grain size, are induced, involving disappearance of grain boundaries. Consequently, an increase in mean free path of the heat carriers, which results in an increase in thermal conductivity. It seems difficult to discuss quantitatively those impact on the thermal conductivity. However, the measurement of thermal conductivity has been carried out in far larger scale than the grain size, and accordingly it is expected that the grain boundaries dominate thermal conduction even if the improvement of thermal conduction is brought about in the atomic scale.
We here attempt to roughly estimate the original value of thermal conductivity for the layer-type SrCuO 2 as follows: We focus on La 2 CuO 4 , 21) which contains the CuO 2 infinite layers and is known to show thermal conductivity by the magnetic excitation, as well as the SrCuO 2 . The reported value for La 2 CuO 4 at room temperature is ³14 (in which magnetic contribution is ³10) and ³4 W/(m·K) in in-plane (CuO 2 layer) and through-plane direction, respectively. 21) On the other hand, CuO 2 layer distances for La 2 CuO 4 and SrCuO 2 are 0.66 22) and 0.34 2) nm, respectively, which means that the SrCuO 2 has twice the number of spin thermal conductivity layers compared with the La 2 CuO 4 . Consequently, we expect that the in-plane value for SrCuO 2 reaches 2030 W/(m·K) while the through-plane value is limited to ³4 W/(m·K). The present values in Fig. 3 , which can correspond to the in-plane conductivity, is ³20% of the estimated value. This degradation is attributable to presence of the residual grain boundaries, the defects and strains.
In summary, we prepared the layer-type SrCuO 2 thin films by radio-frequency magnetron sputtering on glass substrate. In XRD patterns and Raman spectra, peak shifts by the annealing were observed, implying the improvement of the crystallinity of the film. The thermal conductivity was obtained by the two ways, i.e., the ¡ngström method and the estimation from the Raman spectra. The thermal conductivity seems to increase by the postannealing, which can be explained by the enhancement of crystallinity of the film such as disappearance of grain boundaries with an increase in mean free path of the heat carriers.
